The influence of gas diffusion layer (GDL) design parameters on the performance of a polymer electrolyte fuel cell (PEFC) was evaluated using a test apparatus in which the clamp pressure on the cell could be accurately controlled. The PEFC performance varies significantly depending on the humidity of the supplied gas. Under moderate humidity, the PEFC performance is enhanced when using an untreated GDL with high air permeability. Under high humidity, improved performance is achieved using a GDL with PTFE hydrophobic treatment. A microporous layer (MPL) coated GDL significantly reduces flooding on the electrode, resulting in a decrease in the concentration overpotential. This enhances the PEFC performance at high current densities. A substrate with high air permeability for the MPL coated GDL enhances the ability of the MPL to prevent flooding. Under low humidity, the MPL is also effective to prevent drying-up of the membrane electrode assembly (MEA), resulting in enhanced performance. A substrate with low air permeability for the MPL coated GDL is effective for the prevention of drying-up.
Introduction
Polymer electrolyte fuel cells (PEFCs) with high thermal efficiency and low environmental impact have been developed in recent years. However, further improvement in performance and reliability are required to ensure that PEFCs constitute a large proportion of applicable future power sources. The basic configuration of a PEFC involves a membrane electrode assembly (MEA), a gas diffusion layer (GDL) and a separator. Loss in each of these cell components generates overpotentials and reduces thermal efficiency. The PEFC performance can be enhanced by the suppression of these overpotentials through the improvements in conductivity for electron transport, the supply of reactant gas to the electrode and the balance between the conservation of membrane humidity and the discharge of water produced in the cell.
GDL design parameters, such as thickness, porosity, electrical resistivity, air permeability and hydrophobic treatment, play an important role in determining the characteristics of electron transport, gas diffusion and water management in PEFCs. Several investigations have demonstrated that a hydrophobic microporous layer (MPL) coated on the GDL substrate is effective for improving the water management characteristics and thereby enhancing the PEFC performance (1) . However, most of these investigations evaluated the PEFC performance by analyzing only the cell voltage-current density curves (2) - (5) . Therefore, it is difficult to clarify the effects of the GDL design parameters on each overpotential. The exact mechanism of enhanced PEFC performance by the use of the MPL coated GDL remains unclear.
The authors have reported the influence of GDL design parameters such as areal weight, hydrophobic treatment and MPL coating on the PEFC performance (6) . These tests were carried out under conditions of moderate relative humidity (67%), which eliminated the intervention of flooding and drying-up. Because the PEFC operates under a wide range of humidity between drying and flooding, appropriate water management between the conservation of membrane humidity and the discharge of water produced in the cell is essential. Therefore, the present study was carried out to clarify the influence of the GDLs on the PEFC performance under conditions of both low and high humidity. IR (ohmic loss), activation and concentration overpotentials were measured separately in order to identify areas in which the PEFC performance could be enhanced. Appropriate GDL design parameters were evaluated for the prevention of flooding and drying-up.
Experimental

Test Apparatus
GDLs are exposed to high clamp loads in a PEFC stack, resulting in significant changes in pore size distribution from that under unconstrained conditions. The properties of the GDL vary significantly depending on the clamp load conditions (7) - (9) . It is therefore essential to evaluate the influence of GDLs on the PEFC performance under accurately controlled clamp load conditions during testing. Figure 1 shows the test apparatus employed for the PEFC performance tests (8) , (9) . A soft O-ring was used for gas sealing in the cell rather than a tight gasket sheet. The compression force to deform the O-ring was negligible compared with the clamp load on the cell, thus allowing the clamp load on the GDLs to be accurately controlled. The clamp load was increased by adjustment of a clamp screw and was set at 1000 N. The clamp pressure, defined as the cell clamp load divided by the active area of the MEA, was 770 kPa. The test conditions are summarized in Table 1 . The cell temperature was maintained at 80 °C using electric heaters attached to the cell. The hydrogen flow rate at the anode was set at 182 cm 3 /min and the air flow rate at the cathode was set at 441 cm 3 /min, corresponding to 50% utilization for both gases at a current density of 1.0 A/cm 2 . The relative humidity of the supplied gases at the anode and cathode was controlled by passing through a water-filled humidifier, and was set at either 26% or 100%. The back pressure of the supplied gases was set at zero. The active area of the MEA (PRIMEA ® 5510) under tests was 13 cm 2 . The separator had a triple channel serpentine configuration. The IR (ohmic loss), activation and concentration overpotentials were measured separately using the same method as described in Ref. (10) . Table 2 shows the thickness, air permeability measured using the Gurley method (11) , areal weight and mean flow pore diameter (12) of the GDLs used in the tests. All GDLs were commercially available SIGRACET ® products from SGL Group (3) . 20AA GDL is an untreated graphitized carbon fiber substrate with a porosity of 85%. The 20BA GDL has additional hydrophobic treatment with 5% PTFE (polytetrafluoroethylene) loading. The 20BC GDL corresponds to the 20BA GDL with an additional microporous layer (MPL) containing 20-25% PTFE and carbon black as the balance, as shown in Figure 2 (a). The 20BC, 30BC and 21BC GDLs have the same PTFE treatment and MPL. The 30BC GDL is a thicker version of the substrate compared with 20BC. The 21BC GDL has a higher porosity (90%) substrate compared with 20BC, as shown in Figure 2 (c). Figure 3 shows the test results obtained under high humidity. The relative humidity of the supplied gases at the anode and cathode was set at 100%. The authors have reported that higher performance was obtained when using an untreated 20AA GDL compared with the MPL coated GDL under moderate relative humidity (67%), which eliminated the intervention of flooding (6) . This is because the 20AA GDL has high air permeability, enhancing the transport of reactant gas to the electrode. However, under high humidity, the performance of the 20AA GDL was low due to flooding caused by product water, which inhibits the transport of oxygen to the electrode, thereby increasing the concentration overpotential and reducing the output voltage at high current densities. The PEFC performance obtained with the 20BA GDL with PTFE treatment outperforms the 20AA GDL at high current densities, and even better performance can be obtained when using the 20BC GDL with the MPL. Although the IR and activation overpotentials are relatively uniform for all GDLs, PTFE treatment and the addition of the MPL are effective for the reduction of flooding, and suppress the concentration overpotential. The best performance under high humidity was obtained using the 20BC GDL with the MPL. The mean flow pore diameter of the MPL is decreased by 1/10-1/5, compared with the carbon paper substrate (3) . As a result, the air permeability obtained with the 20BC GDL is reduced by approximately 1/80, compared with the 20AA and 20BA GDLs. This is disadvantageous for the transport of reactant gas to the electrode through the GDL. However, the MPL is effective for preventing flooding under high humidity, thereby reducing the concentration overpotential (2) , (5) . This is assumed to be because the hydrophobic MPL between the electrode and the substrate reduces flooding at the cathode electrode, as shown in Figure 4 (a). The water vapor produced from the electrochemical reaction at the cathode electrode is expelled through the MPL to the substrate. When the water vapor is condensed at the substrate, the water droplets accumulate in a large portion of the substrate pores. In the case of the MPL coated GDL, most of the liquid water is expelled to the separator gas channel, because the small hydrophobic pores of the MPL are effective to prevent the back transport of liquid water from the substrate to the electrode. This is effective for the reduction of flooding at the cathode electrode (13) .
Gas Diffusion Layers
Results and Discussion
Influence of GDLs on PEFC Performance under High Humidity
However, because the pore diameter of the 20BA GDL without the MPL is relatively large, the water droplets at the substrate are readily back-transported from the substrate to the electrode, as shown in Figure 4 (b), resulting in an increase in the accumulation of liquid water at the cathode electrode (13) . This promotes flooding at the cathode electrode, thereby lowering the PEFC performance, as shown in Figure 3 . Figure 5 shows the test results obtained under low humidity. The relative humidity of the supplied gases at the anode and cathode was set at 26%. The IR and activation overpotentials obtained with all GDLs were increased compared with those under high humidity (Figure 3 ), due to drying-up of the MEA. The IR, activation and concentration overpotentials are lowered in the order of 20AA > 20BA > 20BC, which enhances the PEFC performance. The best performance was obtained using the 20BC GDL with the MPL. Even when the relative humidity of the supplied gas is very low, water is produced from the electrochemical reaction at the cathode. The wetness of the MEA is affected by the water balance between the conservation of membrane humidity and the discharge of water. In the case of the GDL without the MPL, dehydration of the MEA caused by dry air cannot be avoided. When the water content in the MEA becomes low, the ionic conductivity is reduced, which results in an increased IR overpotential. Moreover, decrease in the water content of the MEA reduces the amount of protons transported from the anode to the cathode. This reduces the effective reaction area at the triple phase boundaries, that is, the intersection of the ion-conductive electrolyte, the electrically conductive electrode and the gas-phase pores, which results in increased activation and concentration overpotentials.
Influence of GDLs on PEFC Performance under Low Humidity
Because the very small pores of the MPL reduce air permeability, it is difficult for the MEA water to be expelled to the GDL substrate where it can be removed via dry gas in the separator channel. This prevents drying-up the MEA, which results in enhancement of the PEFC performance under low humidity.
From these results, it is clear that the influence of GDLs on the PEFC performance varies significantly depending on the humidity of the supplied gas. Under moderate humidity, the PEFC performance is enhanced when using an untreated GDL with high air permeability. Under low humidity, the MPL coated GDL with low air permeability is effective to prevent drying-up of the MEA. Under high humidity, the MPL coated GDL significantly reduces flooding, resulting in enhanced PEFC performance. In the following section, the influence of the substrate thickness and porosity of the MPL coated GDLs on the PEFC performance is evaluated. Figure 6 shows the influence of the substrate thickness and porosity of the MPL coated GDL on the PEFC performance under a high relative humidity (100%). The ability of the MPL to prevent flooding varies significantly depending on the thickness and porosity of the substrate. The IR and activation overpotentials are relatively uniform for all GDLs. The concentration overpotential is lowered in the order of 30BC > 20BC > 21BC, which enhances the PEFC performance. The best performance is obtained using the 21BC GDL. Both increased porosity and decreased thickness of the substrate improve air permeability, resulting in the enhanced ability of the MPL to prevent flooding. Figure 7 shows the influence of the substrate thickness and porosity of the MPL coated GDL on the PEFC performance under a low relative humidity (26%). The IR, activation and concentration overpotentials are raised in the order of 30BC < 20BC < 21BC, which lowers the PEFC performance. The best performance is obtained using the 30BC GDL. Appropriate design parameters for the substrate of the MPL coated GDL are different under conditions of low and high humidity. Although the same MPL is coated on the 20BC, 21BC and 30BC GDLs, the ability of the MPL to prevent drying-up of the MEA varies depending on the substrate porosity and thickness. The air permeability obtained with the 30BC GDL is reduced by 1/4, compared with the 21BC GDL, due to both decreased porosity and increased thickness of the substrate. As a result, it is difficult for the MEA water to be expelled through the GDL substrate to the separator gas channel. This enhances the ability of the MPL to prevent drying-up of the MEA.
Influence of Substrate Thickness and Porosity of the MPL Coated GDL
The present study was carried out to evaluate the influence of the MPL coated GDLs on the PEFC performance under low and high humidity. As the next step, the authors are going to evaluate the GDL pore size distribution, porosity, gas permeability and hydrophobicity to determine appropriate design parameters of the MPL coated GDLs for enhanced PEFC performance.
Conclusions
The influences of the GDL design parameters on PEFC performance under conditions of high and low humidity were investigated using a test apparatus in which the clamp pressure on the cell could be controlled. The following conclusions were obtained.
(1) Under high humidity, improved performance is achieved using a GDL with PTFE hydrophobic treatment. The addition of the MPL significantly reduces flooding on the electrode, resulting in a decrease in the concentration overpotential. This enhances the PEFC performance at high current densities. Both increased porosity and decreased thickness of the substrate for the MPL coated GDL improve air permeability, thereby enhancing the ability of the MPL to prevent flooding.
(2) The MPL coated GDL is also effective to prevent drying-up of the MEA, thereby enhancing the PEFC performance under low humidity. Both decreased porosity and increased thickness of the substrate for the MPL coated GDL reduce air permeability, so that it is difficult for water at the MEA to be expelled through the GDL substrate to the separator gas channel. This enhances the ability of the MPL to prevent drying-up of the MEA.
